Abstract. To perform safe and successful corneal refractive surgery on myopic patients, corneal thickness (CT) and corneal epithelial thickness (CET) must be accurately measured. Numerous individuals with myopia wear soft contact lenses (SCLs) for the correction of visual acuity but may subsequently undergo corneal refractive surgery. The aim of the present study was therefore to investigate the effects of long-term SCL wear on the CT and the CET of myopic subjects in order to guarantee the safety and accuracy of subsequent corneal refractive surgeries. Fifty-six subjects prepared to receive refractive surgery at Jinan Mingshui Eye Hospital (Zhangqiu, China) from April to July 2013 were included in the study. CT and CET were measured in subjects immediately following discontinued SCL wear (group I, 56 eyes), and subsequently following >two weeks of discontinued SCL wear (group II, 56 eyes). Ninety-four subjects with no history of corneal contact lens wear were enrolled as a control group. The CT and CET were measured at positions with a radius of 0.0-1.0, 1.0-2.5 (divided into eight quadrants) and 2.5-3.0 mm (divided into eight quadrants) away from the corneal center using the RTVue-100 Fourier-domain anterior segment optical coherence tomography system. A significant decrease in the CT of the subjects in group II was observed, compared with that of group I and the control group (P<0.05). A significant decrease was observed in the CET of groups I and II compared with that of the control group (P<0.05). Following discontinuation of SCL wear, CET increased. However, the increased CET was unable to reach the normal range exhibited by the control group. Edema and thinning of the corneal stroma, as well as thinning of the corneal epithelium were observed in groups I and II. In conclusion, it was proposed that in clinical practice, for myopic patients following long-term SCL wear, CT and CET should be determined ≥two weeks following discontinuation of SCL wear, once a stable CT and CET are obtained.
Introduction
Corneal thickness (CT) is frequently used as a potential determinant of the safety of corneal refractive surgery (1) . Accurate determination of CT prior to corneal refractive surgery has been proposed for the determination of the corneal ablation rate, as well as for the evaluation of postoperative refractive stability and safety (1) . Thus, measurement of the CT prior to the initiation of corneal refractive surgery is crucial.
The wearing of soft contact lenses (SCLs) has been reported to affect the normal physiological structure of the cornea, in particular the CT. Prior to corneal refractive surgery, a large variance was observed in the CT of individuals following discontinuation of long-term SCL wear. By contrast, the effects of corneal contact lenses on CT largely depended on the duration of wear, mode and the quality of the lenses (2) . A study by Liu and Pflugfelder (3) using the Orbscan corneal topography system reported that long-term wear of corneal contact lenses decreased overall CT. Conversely, an instant increase in CT was observed in short-term SCL wearers (4) . Optical coherence tomography (OCT), a technique for performing high-resolution cross-sectional imaging, is frequently used as an alternative to Orbscan tomography as it has demonstrated higher reproducibility and accuracy (5) .
Following advances in corneal biomechanics, corneal surface ablation techniques including Epipolis laser in situ keratomileusis (EPI-LASIK) and transepithelial photorefractive keratectomy (T-PRK) have been frequently used in corneal refractive surgery (6) . Additionally, ultra-LASIK techniques such as Femtosecond laser-assisted Sub-Bowman's Keratomileusis (SBK) have also been used (7) .
The corneal epithelium, as the first protective barrier of the cornea, has a vital function in the prevention of pathogenic microorganism invasion (8) . The corneal epilthelium also functions as an essential optical transduction and refraction media with a marked capacity for regeneration and repair (9) . It has been proposed that the measurement of corneal epithelial thickness (CET) is significant in the early diagnosis of keratoconus and in epithelial healing following corneal refractive surgery (10) (11) (12) . Although studies have been performed to measure the CET, measurements were limited to the central region of the cornea (11, 13, 14) . It is therefore necessary to measure the whole CET, in order to investigate the characteristics of the thickness across the entire cornea.
In the present study, Fourier-domain anterior segment OCT was used to evaluate the CT and CET in SCL wearers prior to being subjected to corneal refractive surgery. The present study aimed to elucidate the normal ranges and distribution characteristics of CT and CET in myopic subjects, and therefore provide guidance for ophthalmologists in order to improve the safety, predictability and stability of corneal refractive surgeries.
Subjects and methods

Subjects.
Prospective patients for refractory surgery at the excimer laser treatment center at Jinan Mingshui Eye Hospital (Zhangqiu, China) from April to July 2013 were included in this study. The inclusion criterion was the wearing of SCLs for >two years. Patients with ocular diseases were excluded from the present study. A total of 56 right eyes of 56 subjects were enrolled. CT and CET were measured prior to refractory surgery in subjects immediately following discontinued SCL wear (group I, 56 eyes), and subsequently following discontinued SCL wear for >two weeks (group II, 56 eyes). Ninety-four eyes of 94 subjects with no history of wearing corneal contact lenses were enrolled as a normal control group. Informed consent was obtained from all subjects. The present study was consistent with the Declaration of Helsinki, and was approved by the Ethics Committee of Zhangqiu Mingshui Hospital (Zhangqiu, China).
Anterior segment OCT examination. Imaging of the anterior segment was performed using the RTVue-100 Fourier-domain anterior segment OCT system (Optovue Inc., Fremont, CA, USA) by an experienced ophthalmologist. The OCT was performed based on the optical Fourier-domain imaging technique (15) . Briefly, subjects were required to watch the indicator light under natural conditions. On this basis, Pachymetry and corneal power scanning modes were selected for the scanning and the scanning diameter was set at 6 mm. Eight meridians were selected with 1024 axial scans per meridian. The full procedure was repeated five times. The center of the pupil was set as the focus site. To eliminate the potential effects caused by the dodging of the eyelash or eyelid during CT determination, subjects were required to open their eyes widely. RTVue-CAM software (Version 6.11; Optovue Inc.) automatically processed the OCT scan, provided the pachymetry (corneal thickness) map and indicated CT and CET ranges at the positions with radii of 0.0-1.0, 1.0-2.5 (divided into eight quadrants) and 2.5-3.0 mm (divided into eight quadrants) from the corneal center (Fig. 1) . This procedure was performed in triplicate.
Statistical analysis. All values are expressed as the mean ± standard deviation. Data analysis was performed using SPSS 19.0 software (International Business Machines, Armonk, NY, USA). Student's t-test was used for the inter-group comparison 
Results
Subject information.
In total, 94 eyes of 94 subjects (male, 71; female, 23) were enrolled in the control group. The age range of subjects in the control group was 18-32 years with a mean age of 21.26±5.01 years. In the study group, 56 eyes of 56 subjects (male, 24; female, 32) were enrolled. The age range of subjects in the study group was 18-35 years with a mean age of 22.02±4.52 years. In the study group, the duration of SCL wear was 2-9 years with a mean of 3.86±2.15 years.
Correlation between the central corneal thickness (CCT) and epithelial thickness of the central cornea.
In the control group, the mean CCT was 533.56±27.42 µm in a position with a radius of 1 mm from the central cornea, while the mean epithelial thickness of the central cornea was 55.05±2.71 µm. A small positive correlation was observed between the CCT and the epithelial thickness of the central cornea (r=0.237, P=0.022; Table I ).
The mean CCT of group I was 529.31±27.94 µm, which indicated no significant difference compared with that of the control group (t=0.903, P=0.368). In group II, the mean CCT was 521.45±25.99 µm. Compared with the control group, a reduced CCT (2.27%) was observed in group II (t=2.689, P=0.008). Furthermore, a significant difference was noted between the CCT of group I and that of group II (t=5.859, P<0.001).
A statistically significant difference was observed in the central thickness of the corneal epithelium in group I compared with that of the control group (49.78±3 µm vs 55.05±2.71 µm, t=8.986, P<0.001). In addition, there was a statistically significant difference in the central thickness of the corneal epithelium in group II compared with that of the control group (51.18±2.22 µm vs 55.05±2.71 µm; t=9.447, P<0.001). Moreover, a significant difference was observed between the central thickness of the corneal epithelium of group I and that of group II (t=-3.683, P=0.001).
Effects of SCLs on CT.
The CTs of the control and study groups are presented in Tables I and II. For the CT in a location with a radius of 1.0-2.5 or 2.5-3.0 mm from the corneal center, the minimal CT was observed in the inferior temporal area and the maximal CT was observed in the superior area (Tables I and II) . The CT was decreased in the study groups. In group II, the CT in the location with a radius of 1.0-2.5 mm from the corneal center was significantly decreased compared with that obtained prior to discontinuation of SCL wear (P<0.05). For the CT in a location with a radius of 2.5-3.0 mm from the corneal center, there was no statistical difference in the CT in the superior region and the nasal region prior to and following discontinuation of SCL wear (P>0.05). However, significant differences were observed in the CT in other regions (Tables II and III; Figs. 2 
and 3).
Effects of SCLs on CET.
In all corneal regions, the CET at a position with a radius of 1.0-2.5 mm and 2.5-3.0 mm from the corneal center indicated that the CET was comparatively thicker in the inferior section and thinner in the superior section. In the study group, the CET was decreased in all regions. However, the CET increased following discontinuation of SCL wear, though the thickness was unable to return to the normal range. Differences in CET were statistically significant in these corneal regions (P<0.05; Tables IV and V; Figs. 4 and 5).
Discussion
SCLs provide a straightforward option for the correction of visual acuity whilst maintaining a satisfactory aesthetic appearance and are therefore popular amongst individuals with myopia, particularly teenagers (16) . Corneal refractive surgery provides an alternative option for the correction of visual acuity of myopic patients. According to clinical data, numerous myopia patients with experience of wearing SCLs have resorted to corneal refractive surgery to obtain satisfactory visual acuity (17) . In order to perform safe and successful corneal refractive surgery, CT and CET must be accurately measured so that the appropriate type of surgery can be selected, cutting parameters can be determined and postoperative refractive stability and corneal remodeling can be monitored. Therefore, evaluating the effects of SCLs on CT and CET is essential in order to guarantee the safety and accuracy of corneal refractive surgeries. To date, measurement of CT has largely depended on ultrasound and optical techniques. For example, the development of instruments including optical coherence tomography (10, 11, 18, 19) , ultrasonic thickness gauges (13) and confocal microscopes (14, 20) have contributed to innovations in CT determination.
Anterior segment OCT, a novel technique for quantitative analysis of ocular parameters, is able to accurately measure CT and CET and has the advantages of requiring no contact and being non-invasive as well as simpler to perform. Anterior segment OCT is divided into time-domain OCT and Fourierdomain OCT according to the measurement principles utilized.
In the present study, Fourier-domain OCT with a scanning frequency of 26,000 sweeps/sec was used for the determination of CT and CET. The axial resolution was elevated to 3 µm. Moreover, CT and CET were automatically calculated by the installed software, which may have reduced the potential errors caused by conventional manual software. The CT and CET data were presented in regions and quadrants.
In a previous study, Hashemi et al (21) determined that the time required to reach corneal stability following discontinued daily wearing of SCLs was a two-week contact lens-free period. Nourouzi et al (22) reported that a 2-15 day cessation of SCL wear was required to eliminate the corneal edema associated with SCL wear. Furthermore, a stable CT was achieved in 74% of patients within one week, and in a further 26% of patients during the second week. The present study hypothesized that a stable CT was achieved within two weeks of discontinued SCL wear, however, individual variation could not be excluded.
Corneal oxygen uptake has a crucial role in the energy metabolism and maintenance of transparency of the cornea (23, 24) . Corneal oxygen uptake is mainly dependent upon the exchange with the outside air or blood vessels located in the palpebral conjunctiva (23, 25, 26) . Under normal conditions, corneal oxygen uptake is obstructed by eye-closing in the evening, which induces a disorder of the sodium-potassium pump and leads to corneal edema (27) . On this basis, corneal edema occurs with a rate of 5-6% (27); however, is completely reversed in the waking state as sufficient oxygen is obtained (25, 26) .
Corneal oxygen uptake is obstructed due to SCL wear when eyes are open or closed (28) . This disruption of corneal oxygen supply may lead to physiological metabolic disorders, including corneal edema and increased corneal thickness. In the present study, the CT in group II was thicker than that of group I (P<0.05), which confirmed the presence of corneal edema during long-term SCL wear. In addition, the thickness of the corneal epithelium in group II was greater than that of group I, which demonstrated that the chronic corneal edema induced by SCL wear occurred mainly in the corneal stroma.
A study reported a significant decrease in the CET of individuals with long-term or occasional SCL wear compared with that of control subjects (18) . In a retrospective analysis, pachymetry measurement was performed in order to compare the CT of spectacle-wearing control eyes with those of SCL wearers and rigid gas-permeable contact lens wearers (29) . It was concluded that there was a significant reduction in the CT of full-time contact lens-wearing subjects. In the present study, a clear decrease was observed in the CT of subjects in group II compared with that of subjects in the control group and group I. These results appear to confirm that the CT was decreased following long-term SCL wear. Taking the CT in these groups into consideration, it was concluded that decreased CT and concurrent edema were identified in myopic subjects following long-term SCL wear.
The potential mechanisms of corneal edema and thinning are varied. For example, Wang et al (30) reported an increased CT in subjects with short-term SCL wear, using the OCT technique, and thus demonstrated the presence of corneal edema. Furthermore, chronic corneal edema was frequently identified in long-term SCL wearing subjects, which led to biochemical changes in the corneal stroma and a significant reduction in the CT (31.32) . It has additionally been reported that enhanced tear osmotic pressure was present in SCL wearers, leading to thinning of the whole cornea (33) . A further potential mechanism is that long-term SCL wear may induce reversible corneal epithelial compression, necrosis and collapse of the corneal epithelium, or cell apoptosis of the corneal stroma (3). In subjects with long-term and/or prolonged SCL wear, several factors have been reported to be associated with the cellular apoptosis of cornea and CT reduction, including changes in the microenvironment of the ocular surface, chronic microlesion in the corneal tissues and chronic hypoxia (34) .
Extensive studies have focused on the measurement of CT, and in particular CCT; however, it is necessary to measure the CET of various regions for the accurate analysis of CET distribution (35, 36) . To date, the thickness evaluation has been performed in the peripheral region of the corneal epithelium and the majority of the data were obtained from the inferior and/or superior region of the cornea (2, 10, 22, 29) . A previous study aimed to measure the CET in the vertical and horizontal meridians of the cornea and demonstrated that the corneal epithelial thinning was topographically uniform (19, 37) . By contrast, Simon et al (38) suggested that no layer of uniform thickness was formed by the corneal epithelium over Bowman's layer. Furthermore, the changes of the CET distribution mainly resulted from the verified corneal surface power, and the orientation of the astigmatism axis. Using the RTVue-100 system, the results of the present study indicated that the CET was not evenly distributed, as the CET in the inferior cornea was comparatively thicker than that of the superior cornea.
A previous study indicated a 6% decrease in the CET of subjects with long-term SCL wear (39) . Consistent with the results by Liesegang (39) , the CET obtained in group I was markedly thinner than that in the control group. It was hypothesized that the CET reduction observed may be associated with corneal epithelial microlesions caused by mechanical irritation of the epithelial surface during long-term SCL wear (40) (41) (42) . Amongst SCL wearers, dissection and denaturation of corneal epithelial cells were observed using scanning electron microscopy. Simultaneously, a mild separation was noticed in the intercellular space of the corneal epithelial cells observed through a transmission electron microscope. In the presence of corneal epithelial microlesion, permeability of corneal epithelial cells was increased as a result of decreased corneal ion pump function, which resulted in dehydrolysis. Therefore, chronic hypoxia has a marked influence on physiological function (40) .
In the present study, a significant increase in CET was demonstrated in group II compared with that of group I (P<0.05). It was hypothesized that this was mainly due to the regeneration of the corneal epithelium. Following discontinuation of SCL wear, the associated hypoxia and mechanical irritation were eliminated and therefore, partial self-repair and reproduction may be induced in the corneal epithelium.
In the present study, the changes in CT and CET were analyzed in long-term SCL-wearing subjects. The results of the present study demonstrated edema and thinning of the corneal stroma in myopia long-term SCL-wearing subjects. Furthermore, thinning of the corneal epithelium was noted in these subjects.
In conclusion, based on the results of the present study it was proposed that in clinical practices, for myopic patients with long-term SCL wear, determination of CT and CET should be performed two weeks following discontinuation of SCL wear, once a stable CT and CET are obtained. On this basis, surgical strategy may be reliably established. Greater attention should be paid to patients with reduced CT, irregular cornea, and severe astigmatism, as well as those with corneal ectasia or keratoconus to avoid postoperative secondary keratoconus.
